We highlight a new connection between the Standard Model hierarchy problem and the dark matter sector. The key piece is the relaxion field, which besides scanning the Higgs mass and setting the electroweak scale, also constitutes the observed dark matter abundance of the universe. The relaxation mechanism is realized during inflation, and the necessary friction is provided by particle production, with no need for a large number of e-folds and no new physics at the TeV scale. Using this framework we show that the relaxion is a phenomenologically viable dark matter candidate in the keV mass range.
Introduction. The non-baryonic matter component of the universe, the dark matter (DM), constitutes about a fifth of the total energy density of our universe. Despite the several experimental searches and the impressive effort of the community, the non-gravitational nature of DM is still unknown. In the last decades, a lot of attention was devoted to the class of beyond Standard Model (SM) theories which can provide a weakly interacting massive particle (WIMP) DM candidate, which features an appealing connection between the dark sector and the electroweak scale. In light of no definitive evidence of new physics at the TeV scale and strong exclusion limits from WIMP direct detection experiments, to go beyond the WIMP paradigm became crucial. In this letter we propose another option which can closely connect the Higgs naturalness problem with the DM sector. The link is the relaxion field.
The cosmological relaxation of the electroweak scale is a recent proposal to address the SM hierarchy problem making use of the relaxion, a new axion-like field, which scans the Higgs mass parameter during its cosmological evolution [1] . The relaxion evolution stops due to a back-reaction mechanism which turns on when the Higgs vacuum expectation value (VEV) is at the electroweak scale. This paradigm shift fits in the interface between particle physics and early universe cosmology and gave rise to a varied literature, including studies related to the model building challenges [2] [3] [4] [5] [6] [7] [8] [9] , concerns about the inflationary and reheating sectors [10] [11] [12] [13] [14] [15] , alternatives to inflation [16] [17] [18] , UV completions [19] [20] [21] [22] , developments on the model building front [23] [24] [25] [26] [27] [28] [29] [30] [31] , a leptogenesis realization [32] , and experimental signatures [33] [34] [35] [36] [37] .
The constructions discussed in [2, 35] use a Higgsdependent barrier as back-reaction mechanism to stop the field during inflation. In these models, the relaxion abundance is too small to explain DM. A second field, which scans the barriers' amplitude in [2] , can instead meet this requirement being produced via the misalignment mechanism. Oppositely, if relaxation proceeds after inflation, the relaxion is overproduced [18] .
In the framework used here, relaxation happens dur- * nayara.fonseca@desy.de † enrico.morgante@desy.de ing inflation and the relaxion stopping mechanism is provided by particle production [17] . This construction does not require new physics close to the TeV scale, and it can be realized without the need of large number of efolds or super-Planckian field excursions. In this note, we point out that the relaxion field, which sets the value of the electroweak scale, can simultaneously account for the observed DM density, when it is produced after reheating by the scattering of SM particles. Similarly to the case where the DM production happens via the freezein mechanism (see e.g. [38] for a review), the relaxion is never in thermal equilibrium with the SM bath and its comoving number density freezes to a constant value when the number density of the particles dominating its production become Boltzmann-suppressed.
Parameter space for the model. In this section we derive the parameter space for the model proposed in [17] in which relaxation happens during inflation and particle production is the stopping mechanism.
1 The Lagrangian can be written as
where φ is an axion-like field with decay constant f , h is the Higgs field, Λ is the cutoff of the theory, the dimensionless parameters g and g are assumed to be spurions that explicitly break the axion shift symmetry, λ is the Higgs quartic coupling, Λ b is the scale at which the φ cosine potential is generated. The effective scale F controls the interaction of the relaxion with the SM gauge bosons. We assume that the relaxation dynamics takes place in the broken phase so that the Higgs mass parameter, µ
, is large and negative when the scanning process starts, µ 2 h (φ ini ) ∼ −Λ 2 . The last term in Eq. (1) is the interaction responsible to slow down the relaxion once the particle production is triggered. B and W are the SM gauge bosons with g 1 and g 2 being the corresponding U(1) and SU(2) gauge couplings. When expanded in the mass eigenstates this term reads
In what follows we will just consider the tachyonic instability from the Z Z term and absorb the gauge coupling in the definition of the corresponding field such that 1/f = (g 2 2 − g 2 1 )/F, as in [18] . The non-generic coupling structure of Eq. (2) is designed to avoid a tree-level coupling to photons φF F , which would lead to exponential photon production during the relaxion's evolution, thus slowing down the field independently of the Higgs VEV and spoiling the mechanism.
2 Such a term is unavoidably generated through radiative corrections, and we will discuss under which conditions it does not harm the construction. The leading interaction with the SM gauge bosons in Eq. (1) generates a coupling to SM fermions (at one loop) and to photons (at one and two loops) [39, 40] :
where
and
where N F c is the color factor, Q F is the electric charge of the fermion F with mass m F , and x i ≡ 4m 2 i /m φ . The functions B 1,2 are given by:
When the relaxion is light, which will turn out to be the case of interest for our DM scenario, these functions scale like
This implies, for instance, that when the relaxion is lighter than the electron mass, the induced coupling to photons originated from the coupling in Eq. (1) is suppressed.
The relaxation mechanism can be described as follows. The φ field rolls down its potential until it reaches a critical velocityφ c when there is an exponential production of gauge bosons, which makes the relaxion slow down due to the transfer of its energy to the gauge bosons. This back-reaction mechanism becomes clear once we examine the equations of motion for φ and for a massive vector
where the V V is the expectation value of the quantum operator and V ± refers to the two transverse polarizations of V µ . 3 Note that V + has a tachyonic growing mode when
Taking into account that the first mode that becomes tachyonic is k c =φ/(2f ), which is the one for which ω k,+ is minimum, we get that V + grows exponentially for
Consequently, the term V V becomes the dominant one in the equation of motion for the relaxion field, makingφ decrease. After φ has slowed down, the constant cosine potential acting as a barrier can make the relaxion evolution stop. If V is a massive SM gauge boson, then its mass depends on the Higgs field, implying that condition (10) is not satisfied when the Higgs field value is large so there is no relevant particle production in this regime.
To obtain the correct value of the electroweak scale, the back-reaction should be triggered when the mass of the EW bosons is m Z , i.e. forφ c ∼ 2f m Z , where m Z is the SM Z boson mass. The parameters of the model in (1) should be arranged such that this back-reaction turns on when φ is close to the critical value Λ/g , generating a parametric hierarchy between the cutoff scale Λ and the electroweak scale. This happens if the classical Higgs field h follows closely the minimum of its potential.
There are several conditions that should be fulfilled in order to get a successful stopping mechanism using particle production during inflation. We refer to the original paper [17] for a discussion of such conditions (see App. A for the summary of the required conditions that should be consistently combined). Besides the requirements presented in [17] , following [18] we impose that the loop-induced coupling φF F does not lead to efficient photons production (see App. A for details).
Taking into account all the constraints on the particle production mechanism, we identify the allowed parameter parameter space for the model in Eq. (1) which is Parameter space consistent with relaxation during inflation using particle production (pp) as the stopping mechanism. In the orange region φ is unstable; in the yellow one the relaxion is overproduced; the green region is compatible with the relaxion being DM; the light green one results after applying indirect detection bounds.
characterized by five parameters: the cut-off Λ, the coupling g , the barriers' height Λ b , the decay constant f and the Hubble constant during inflation H I . The scale f can be fixed in terms of the other parameters using the particle production trigger condition in Eq. (10) and the value of the slow-roll velocity, which gives
Additionally, we assume g = g as the terms proportional to g and g in Eq.
(1) may be generated in a similar manner in the UV model. The coloured region in Fig. 1 shows the values of Λ, g for which the relaxion mechanism can be realized successfully. To each point it corresponds a range in the other three free parameters.
Relaxion as Dark Matter. The relaxion can be produced via vacuum misalignment and through thermal scattering. In the first case, after the relaxion gets stuck in one of the barriers, it will eventually start to oscillate freely when particle production becomes inefficient, leading to a energy density which red-shifts as non-relativistic matter. Since in our scenario the relaxation dynamics happens during inflation, the energy density stored in the field is diluted away and the misalignment contribution to the relaxion abundance is negligible [17] (see also [2, 35] ). The only possibility to produce a significant relaxion abundance is then via scattering.
A population of relaxion particles is produced through a + b ↔ φ + c interactions, where the species a, b, and c belong to the SM and are in thermal equilibrium. The relaxion abundance is controlled by the Boltzmann equation [41] 
where we define the dimensionless variables Y φ = n φ /s and x = m φ /T with n φ being the relaxion number density, s the entropy density, and m φ the relaxion mass. The equilibrium number density of φ is Y eq φ = n eq φ /s ≈ 0.278/g * where g * is the number of relativistic degrees of freedom, and H is the Hubble rate. The quantity Γ is given by the sum over the interaction rates, Γ ≡ i Γ i with Γ i = n ci σv i , where the sum includes gluon scattering [42] , Primakoff scattering (via φγγ, φZγ, and φBB, see e.g. [35, 43, 44] ), Compton scattering (via φll and φqq, where l and q refer to a SM lepton and quark, respectively, see e.g. [35, 43] ), and Primakoff and Compton processes through the mixing with the Higgs (see e.g. [35] ). We neglected all the interference terms. We expect this to be a sensible approximation, as we checked that at each temperature the subdominant processes are highly suppressed compared to the main one. As we discuss below, our relevant temperatures are always below the pion mass, so the relaxion production through pion conversion is Boltzmann-suppressed. At such low temperatures, the dominant process is Compton scattering γ + e ↔ φ + e, with a rate
where f e is given in Eq. (4) . Assuming that the initial number density of relaxion particles is negligible, Y φ (x 0 ) = 0, the solution of Eq. (12) is given by
where T 0 = m φ /x 0 can be identified with the reheating temperature (we will comment more on this below). If the argument of the integral is large, then Y φ (x) ≈ Y eq φ and the correct DM abundance can only be met for a very light (thus hot) DM component. We must therefore be in the opposite situation, in which the argument of the integral in Eq. (14) is much smaller than one, and we can approximate Y φ by
Compton scattering is active until electrons become nonrelativistic. This is why we need a rather low T 0 (as discussed in the following), which guarantees that the interactions are out-of-equilibrium (Γ i /H < 1) and that the relaxion never enters in thermal equilibrium with the SM bath. The relaxion decays through the loop-induced couplings to photons and SM fermions as in Eq. (3) (see e.g. [39, 40] ), by the leading interaction with the electroweak gauge bosons in Eq. (1), and via the mixing with the Higgs as in Eq. (1) for which we used the results in [45] . We only consider 2-body decays in our analysis. As we shall see in the following, relaxion dark matter is typically in the keV range. In this mass ballpark the relaxion can only decay into photons and neutrinos. The decay into photons happens both via the mixing with the Higgs and through the loop-induced coupling of Eq. (3). For simplicity, we will assume in the following that neutrinos are Majorana fermions in which case the decay through this channel is suppressed compared to the one into photons as it proceeds via higher dimensional operators (see e.g. [40] ). If neutrinos are Dirac fermions, this can be the dominant decay channel. Even in this case, the bounds from indirect detection on the DM decaying into photons (see next section) imply stronger constraints on the relaxion lifetime.
Results and discussion. In order to identify the parameter space that can lead to the correct DM abundance, we performed a scan looking for points in {Λ, g , Λ b , f } which can satisfy the DM hypothesis. For each point, the value of H I is fixed by the requirement of the DM abundance, and we compared this with the range allowed from the conditions on particle production. The result is shown in Fig. 1 . The green region is the one where the relaxion is stable, all the bounds on a successful relaxation with particle production can be simultaneously satisfied and the relaxion abundance matches the observed DM one. The light green part is the one in which, additionally, the constraints from indirect detection are satisfied. In the yellow region the relaxion can be made stable, but it is overproduced. Finally, in the orange region the relaxion's lifetime is shorter than the age of the universe. The sharp cut in the green region at Λ 10 4 GeV descends from the condition that the relaxion slowly rolls with a velocity that does not exceed the cutoff Λ 2 , after fixing H I to get the correct relic abundance (see for details App. A).
On top of the above constraints, we applied a lower bound on the DM mass from structure formation. Observations from Lyman-α forest [46, 47] are in tension with a thermal relic below a few keV. Note that in our case the DM velocity distribution is non-thermal, which may weaken some of these bounds (see [38] and references therein). It would be interesting to explore such feature which we leave for future work. Here we will simply impose that the relaxion should be heavier than 2 keV. Figure 2 shows the minimal and maximal allowed DM mass for each point, including all the range of T 0 . The range of relaxion mass compatible with the DM hypothesis is ∼ 2 keV − 70 keV.
The other free parameters of the model take the following values: f ∼ 10 11 − 10 13 GeV, Λ b ∼ 10 3 − 10 4 GeV, H I ∼ 10 −10 − 10 −6 GeV. Correspondingly, the scale f lies in the range ∼ 10 6 − 10 7 GeV. The number of e-folds required to realize the relaxation mechanism is at most ∼ 10
6 , but in most of the parameter space it is O(100). Finally, Fig. 3 shows how the allowed region depends on the value we choose for the reheating temperature. As it was anticipated, a drawback of our scenario is that the reheating temperature is rather low, T 0 30 MeV, to avoid overabundance. If thermal equilibrium is reached, in this mass range the relaxion would be overabudant by a factor of 10 − 1000. The reheating temperature can be made larger than T 0 if a dilution mechanism is active above the latter. For example, the decay of additional unstable particles can inject entropy in the plasma, reducing Y φ . Alternatively, in the perturbative reheating scenario, the temperature of the universe during the reheating phase can be much larger than the final reheating temperature [48] , while entropy injection keeps the relaxion abundance low. This could therefore allow baryogenesis at high temperature. Here we just assume that the relaxion abundance is negligible at T 0 .
Strong constraints on the model come from the observations of the galactic and extra-galactic diffuse Xray and γ-ray background. We consider the constraints on decaying DM from [49] which uses the diffuse photon spectra data from different satellites. For our parameter space, which comprises masses around the keV range, the relevant bounds are given by the satellites HEAO-1 [50] and INTEGRAL [51] . In Fig. 1 we show in light green the region in agreement with the bounds on the lifetime of a scalar DM decaying into two photons, τ φ 10 26−28 s for m φ > 4 keV [49] . This constrains the relaxion mass to be below m φ 4 keV. Extrapolating the bound from [49] to lower masses further constrains the parameter space, but the result does not change significantly. This places relaxion DM in a knife-edge position: on the one hand, new results from indirect searches in the keV mass range could rule out this scenario; on the other hand, a numerical solution of the Boltzmann equation could weaken the lower bound on the relaxion mass, thus opening the parameter space for lighter DM.
Another important constraints are given by astrophysical probes. We consider the cooling bounds on photophobic axion-like particles of [39] to constrain our relaxion DM parameter space. The relaxion coupling to electrons (see Eq. (4)) is constrained from red giants observations, which results in a lower bound for the coupling in Eq. (1) of f 3 × 10 7 GeV for m φ 10 −5 GeV. Even more stringent is the bound from Supernova 1987A, which for m φ 0.1 GeV, disfavors f 10 8 GeV. It should be noticed that the uncertainties associated with the bounds derived from astrophysical sources are typically within an order of magnitude [39] . This implies that our scenario is in a mild tension with such bounds. On the other hand, the parameter space for successful relaxation with particle production is also subject to some variation. Indeed, the consistency conditions applied here are in general conservative. We then expect that by relaxing some of these requirements, one may open the resulting parameter space.
In this work, we showed that the relaxion mechanism can naturally provide a phenomenologically viable warm DM candidate in the keV mass range. We identified the relevant parameter space in the scenario in which relaxation happens during inflation, using particle production as a source of friction. We discussed astrophysical and indirect detection constraints on our model.
Recently, there has been an increasing interest in direct detection experiments that can probe the sub-MeV mass range, in particular, in the development of new techniques which would allow us to explore new regions of the DM parameter space (see e.g. [52, 53] ). The relaxion would be a well motivated DM candidate in the keV range, which encourages new studies in this mass ballpark.
It would be interesting to further explore the consequences of such a model on structure formation, and perform a dedicated analysis of the indirect detection bounds. We leave these studies for future work.
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Appendix A: Conditions for relaxation during inflation with back-reaction from particle production In this appendix we discuss the requirements that should be fulfilled in order to have relaxation during inflation with back-reaction provided by particle production [17] . First, the relaxion should not affect the inflationary dynamics, implying that the relaxion potential is subdominant compared to the inflaton one. This gives a lower bound on the inflation scale H I :
In addition, the assumption that φ evolves classically is valid only if the classical evolution dominates over the quantum fluctuations during inflation. Therefore we impose that, over a Hubble time, (δφ) class (δφ) quant with (δφ) class ∼ V φ /(3H 2 I ) and (δφ) quant ∼ H I /(2π). This gives us an upper bound on the inflation scale,
where we used that
Furthermore, inflation should last long enough such that the relaxion has time to scan the Higgs mass parameter. The minimal number of e-folds which is required to scan a field range ∆φ ∼ Λ/g , is given by
where in the last step we used that the slow roll velocity isφ ∼ 2m Z f . We also need to make sure that the Higgs field is efficiently tracking the minimum of its potential during the scanning process. This ensures that the back-reaction from the exponential production of gauge bosons is triggered when the VEV is at the electroweak scale. Hence, we impose thatv
λ is the minimum of the Higgs potential given in Eq. (1). Eq. (A4) needs to be satisfied until the Higgs field value has reached the electroweak scale.
Another necessary condition is that the average slowroll velocity during the scanning has to be large enough to overcome the barriers generated by the cosine potential in Eq.
whereφ roll ∼ V φ /(3H I ) + δ(t) with V φ = g Λ 3 and δ(t) being a contribution due to the cosine potential.
Additionally, once the back-reaction has turned on, the barriers must be high enough to stop the relaxion evolution, requiring that
We should also ensure that once relaxion is slowing down, the Higgs mass does not change by an amount larger than the correct value, i.e.
where ∆t pp is the characteristic time scale for particle creation which can be estimate by taking into account that the particle production is affected by the presence of the thermal plasma, and is given by ∆t pp ∼ T 2 f 3 /φ 3 [17] . Here T is obtained by assuming that the relaxion kinetic energy is transferred to radiation:
To be conservative, we evaluate Eq. (A7) withφ ∼ Λ 2 b . We impose that the kinetic energy lost by φ due to particle production is larger than the one gained by rolling down the potential, ∆K rolling ∆K pp .
We estimate the two terms as ∆K pp ∼φ 2 /2 and ∆K rolling ∼ dK dt ∆t pp , where dK/dt = −dV /dt ∼ gΛ 3φ .
Again, to be conservative, we takeφ 2 /2 ∼ Λ 4 b . On top of that, one should guarantee that the particle production is faster than the expansion rate,
so that the energy dissipation efficently slows down the relaxion field. Furthermore, the scanning must have enough precision to resolve the electroweak scale. The mass parameter µ 2 h cannot vary more than the Higgs mass over one period of the cosine potential,
It is crucial that the induced coupling to photons in Eq. (3) is suppressed enough, otherwise the dissipation from particle production would be relevant independently of the value of the Higgs mass. Then we have to impose that the produced photons are efficiently diluted by the cosmic expansion
where ∆t γ ∼ T 2 f 3 γ /φ 3 with f γ given in Eq. (5). The relaxion induced coupling to photons through the Higgs mixing (see Eq. (1)) is very suppressed and the dilution requirement in (A12) for this contribution is trivially satisfied.
A last condition concerns the restoration of the shift symmetry. After the relaxion has been trapped into one of the wiggles, the temperature cannot be larger than the confinement scale, T < Λ b . This condition is only relevant if the sector which generates the cosine potential gets in thermal equilibrium with the SM model. This can be estimated as follows. We assume the barriers are generated by some QCD-like gauge group, which is coupled to the relaxion via a term φG G /f . Then, we naively estimate the rate for g g ↔ ZZ interactions as Γ ∼ T 5 /(f 2 f 2 ), which must be larger than the Hubble rate H I to achieve thermalization.
All in all, the conditions that apply to the parameters of our model are the following:
